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The effect of combined water stress and diclofop-melhyl treatment on photosynthesis and carotenoid and abscisic acid 
(ABA) content of leaves of A. byzantina and A. tatua was investigated. Sublethal doses of diclofop-methyl caused a 
tranSient decline in net assimilation rate and a decrease in p-carotene and zeaxanthin in leaves of both species. The 
decline in carotenoid levels occurred concomitant with a substantial but transient increase in ABA. A similar but less 
dramatic trend was observed for water-stressed plants. Aecovery of photosynthesis in seedlings exposed simul-
taneously to diclofop-methyl and water stress, was associated with an increase in p-carotene and zeaxanthin content 
and a return to basal ABA levels in leaves of A byzantina. By comparison, substantial accumulation of zeaxanthin was 
observed in leaves of A (alua following combined water stress and herbicide treatment, apparently at the expense of 
ABA. Similar findings were made regarding levels of zeaxanthin when diclofop-methyl was applied to already water-
stressed plants of A. byzantina and A. (atua. It is proposed that herbicide- and/or water-stress-induced alterations in 
acetyl-coenzyme A carboxylase activity coupled with reduced demand for fatty acid synthesis, facilitate channelling of 
photosynthetically fixed carbon into isoprenoids and that alterations in the capacity lor terpenoid synthesis forms part 
of the mechanism by which drought stress antagonizes the activity of aryloxyphenoxypropionic acid herbicides. 
Die invoed van gekombineerde waterstremming en diklofopmetiel-behandeling op die karoteno'ied- en ABA-konsentrasie 
van blare van A byzantina en A (alua is ondersoek. Subletale dosisse van dikloropmetiel het tot 'n Iydelike verI aging in 
die netto assimilasietempo en tot 'n verI aging in p-karoteen en zeaxantien in blare van albei spesies gelei. Die afname in 
karotenol'edvlakke het plaasgevind saam met 'n sterk maar tydelike verhoging in ABA. 'n Soortgelyke maar minder opval-
lende neiging is waargeneem in plante wal aan walerslremming onderhewig was. In saailinge van A byzantina wat aan 
be ide diklofopmetiel en waterstremming blootgestel is, het die herstel in fotosintese plaasgevind saam met 'n verhoging 
in p-karoteen en zeaxantienvJakke en 'n herstel van die ABA na die basale v/ak. In die geval van A. (atua wat aan diklo-
fopmetieJ en walerstremming blootgestel is, is 'n aansienlike verhoging in zeaxanUen waargeneem, skynbaar ten koste 
van ABA. Soortgelyke waarnemings is gemaak met betrekking tot zeaxantienvlakke nadal diklofopmeliel toegedien is 
aan reeds watergestremde plante van A byzantina en A. (atua. Daar word voorgestel dal herbisied- enlof waterstrem-
ming-ge'induseerde veranderings aan ACCase-aktiwiteit, gekoppel aan 'n verlaagde aanvraag vir vetsuursintese, tot die 
omskakeling van folos intese·gefikseerde koolstof na isopreno'iede lei. Wysigings in die vermoe om isopreno'iede Ie vorm, 
kan 'n deel uitmaak van die meganisme waarvolgens droogtestremming die aktiwiteit van AOPP herbisiede be'invloed. 
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Abbreviations: ABA , abscisic acid; ABA-GE , abscisic acid glucose ester; ACCase. acetyl-coenzyme A carboxylase; 
AOPP. aryloxyphenoxypropionic acid; diclofop-methyl. methyl-(±)-2-[4-(2,4-dichlorophenoxy)-phenoxy)-propanoic 
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rate ; PA, phaseic acid; PCCase, propionyl-coenzyme A carboxylase; AWC, relative water con lent; TLC, thin-layer 
chromatography . 
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Introduction 
Wild oal (Avella byzantina K. Koch and A. farua L.) are wide-
spread and economically important weeds in winter wheat-
growing regions of southern Africa. Currently, AOPP gramini -
cides such as diclofop-methy l and fenoxaprop are used in the 
chemical control of wild oat. Field observations, however. indi-
cate that the activity of these post-emergence herbicides is mark-
edly reduced following exposure of A. fatua to periods of water 
stress (Field & Caseley 1987; Dastgheib ef at. 1990; Rossi ef al. 
1993). Possible reasons for a reduction in herbicide efficacy in A. 
fatlla under water stress include a decline in herbicide uptake 
(Akey & Morrison 1983), a decrease in extention growth 
(Andrews el al. 1989), and subsequent reduction in demand for 
membrane synthesis (Dastgheib et at. 1990) and alterations in 
metabolism of the applied herbicide (Rossi ef al. 1993). 
AOPP herbicides and in particular diclofop-methyl , speci fi-
cally inhibit the biotin-containing plastid -localized enzyme 
ACCase (EC 6.4.1.2) which catalyses the ATP-dependent car-
boxylation of acetyl -eoA to malony l -CoA in fatty acid biosyn-
thesis (Focke ef al. 1991; Kobek el 01. 1988 ; Lichtenthaler 1990). 
The consequence of inhibition in susceptible plants is lack of 
glycerolipid and biomembrane formation in meristematic tissue 
which ultimately causes cell death. The cascade of events lead-
ing to death in treated plants was recently outlined by Cobb 
(1992). These are, firstly, accumulation of the toxic form of the 
graminicide in meristematic tissue; secondly, interference with 
lipid synthesis and plastid development; thirdly, cessation of 
growth and function of meristems and the development of chlo-
rosi s. Finally, death of the treated plant occurs approximately 
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three weeks after application of the graminicidc. 
Inhibition and/or reduced activi ty of ACCasc would be 
expected to inl:fca..<;e the acety l-ecA pool avai lable for plastid 
isoprenoid synthesis . AOPPs also block peCase but not MCCasc 
(EC 6.4.1.4), which may be involved in isoprenoid metaboli sm 
(Motel et (/1. 1993). The ialtl!f enzyme has been implicated in the 
metaboli sm of leucine and as a component o r the 'mevalonate 
shunt' (Popjak 1971). MCCase has recent ly been purified to 
homogeneity from several higher plant tissues (Alban er al. 
1993; Chen el "I. 1993 ; Diez . , al. 1994). It is. therefore. not 
unreasonable to assume that isoprenoid synthesis would continue 
in treated plants. at least during the early stages following herbi -
cide appl ication. Isoprenoids, and in particular sterols and carote-
no ids . have been implicated in the protec tion of plant 
membranes. For example cho lesterol . which is a ubiquitous con-
stituent of eucaryote phospholipid membranes. maintains lipid 
order and condenses and reinforces the bilayer (Ourisson 1994). 
Plant carotenoids. in addition to their well-characterized role in 
photosynthes is, are purported to serve a si milar function (Sub-
czynski el af. 1993). 
It is now well established that plants exposed to a water deficit 
accumulate the terpenoid phytohormone, ABA (Zeevaart & 
Creelman 1988). Most of the available evidence suggests that 
under these condi tions the accumulated ABA is derived from a 
carotenoid precursor. In thi s regard, perhaps the most significam 
observations include the demonstration of the origin of ABA 
from zeaxanthin (Rock & Zeevaart 1991 : Duckham el al. 1991) 
and all -tra"s-~-carotent! (Cowan & Richardson 1993). Zeaxan-
thin, a component of the xanthophyll cycle, plays a major role in 
dissipating excess energy under conditions where absorption of 
light exceeds the capac ity of the chloroplast to uti li ze the prod-
ucts of photochemical reac tions (Demmig-Adams & Adams 
1992). Furthermore, zeaxanthin has been observed to increase 
order and dec rease motional freedom of lipid alkyl chains in 
fiuid-phase membranes (Subczynski el fli. 1993). The proposed 
biosynthetic interrelationship between zeaxanthin and ABA sug-
gests that these components act in concert to facilitate acc lima-
tion. Changes in ABA andlor genetic differences in the ability to 
produce ABA play an important role in determining plant vigour 
and hence increased capacity to tolerate abioti c and biotic pres-
sures (Quarrie 1991). 
At present, lillie is known of the effect of diclofop-methy l on 
the carotenoid and ABA content of treated plants . In water-
stressed plants the increase in ABA is reported to be associated 
with a concomitant decline in xanthophylls in an apparent I: I 
ratio on a molar basis. Whether this is a charac teristic of all 
plams exposed to a water stress. and in particular monocotyledo-
nous species, remains to be determined. Nevertheless, the 
present study examines the effect of dic lofop-methyl and water 
stress on changes in carotenoid and ABA levels in an attempt to 
determine whether stress-induced alterations in terpenoid metab-
olism contribute to the reduced susceptibi lity of wi ld oat to 
d ic1ofop-methyl. 
Materials and Methods 
Plant material 
Seeds of A. /mua L. and A. bywntilla K. Koch were kindly supplied 
by Hoechsl South Afri ca (Pty) ltd., Randbu rg. Dormancy was bro-
ken by imbibition in a solution of GA1 (I gil) for I h at room temp-
erature and the seeds were then immediately planted 1.5 cm deep in 
12.5 cm (diameter) pots (3 seeds/pot) containing potting soil:ver-
miculite. 4:1 (v/v). Plants were grown in a phytotron under natural 
irradiance supplemented with metal halide lamps to provide a 14-h 
photoperiod . and a 2011 5°C light/dark cycle at 60% relative humid-
ity. Pots were subirrigated dai ly with water and once a week wi th 
30% Hoagland's nutrient solution. 
S.-Afr.Tydskr.Plantk. 1995.6 1 ( I) 
Herbicide treatment 
Unless otherwise stated. uniform 2S-day-old seedlings in the three-
to five-leaf stage of deve lopment were selected for treatment. The 
commer~ially formulatetl graminicide HOELON (containing 284 gil 
di clofop-methyl) obtained from Hoechst South Africa (Pry) Ltd .. 
was diluted with distilled water to 80 ~M and a lO).l1 aliquot (equ iv-
alent to 272 ng) was applied directl y to the axial region of the second 
leaf of each plant using a micropipette. Plants were mai nlained in the 
phytotron until analysis. 
Water stress 
Water stress was imposed by withholding water from 28-day-old 
seedlings of uniform developmental stage. Plant water status was 
measured by determining leaf RWC. after consideration of associ-
ated problems as discussed by Bennclt (1990). Data arc expressed as 
% RWC = [(fresh wI. - dry wl. )/( turgid wI. - dry wl. )f x 100. 
Combined diclofop-methyl and water stress effects 
In order to determine the combined effects of water stress and herbi-
cide treUlmen! on photosynthetic rate. carotenoid and ABA content 
of wild oat. two approaches were adopted. The firs t involved simul-
taneous application of the herbicide and impOSition of water stress. 
while the second involved imposing a water stress until % RWC of 
leaves had been reduced by approxi mmely 15% (about 14 days) 
before application of the herbicide. 
Gas exchange analYSis 
Net assimilation rates were obtained from analysis of leaf gas 
exchange. Plants wert.! transferred from the phytotron and placed in 
the laboratory under conditions of constant illumination (800 
~.lInol. m-2.s-1) and temperature (20 ± 0.5°C) at 350 p.p.m. CO;:. Fo l-
lowing an equil ibration period of 1 h. CO::: measurements we re taken 
using an ADC LCA-2 portable infrare d gas analyser (The Analytical 
Development Co. Ltd, Hoddesdon, U.K.) at 10-min intervals from 
[he second. third and fou rth leaf of each plant (3 plants/pot) . The 
1RGA was equipped with an ADC DL-2 datalogger coupled to an 
ADC ASUM 2 mass flow meter. A Park inson narrow-leaf chamber. 
coupled to a re frigeration unit. was connected to the IRGA. Actinic 
light was provided by a 400-W high-pressure sodium lamp placed 25 
cm above the leaf chamber. Atmospheric air, pumped into a buffer 
drum from outside the laboratory. was fed into the analyser by the 
mass flow meter at 350 ml/min in an open circuit. 
Light response curves were constructed for both A. Jatuo and A. 
byzalltina from gas exchange data obtained from constant-tempera-
ture experiments in which light intensity was varied using shade-
cloth placed between the leaf chamber and the light source. Light 
intensity. measured as photosynthetic photon flux density (PPFD). 
was decreased at IO-min intervals from 1.'500 to 0 ].tmol.m-2.s-1. Plots 
were constructed using the monomolecular equation described by 
Causton and Dale (1990). Light saturation points thus obtained were 
used in all subsequent experiments. 
Carotenoid analysis 
Leaf material from tfeated and non-treated plants was routinely har-
vested at mid-photoperiod to ensure maximum level s of zeaxanthin. 
TIssue was immediately frozen in liquid nitrogen. powdered and 
extracted with ice-cold methanol/ethyl acetate (50:50, v/v) contain-
ing butylated hydroxy toluene (20 mgtl) as an antioxidant. Extracts 
were filtered through 0.2 ~m Spinex centrifugal filters. reduced to 
dryness under N-z and resuspended in 2 ml of 70% methanol con tain-
ing 0.08 g celite. Mcthanoli c suspensions were applied to Sep-pal\. 
C l~ cartridges and the carotcnoids wefe eluted with 10 ml of 100% 
acetone. Individual carotenoids were separated by reversed-phase 
HPLC and zeaxanthin and p-carotene were identified and quanti tied 
as previously described (Afi tlhile et al. 1993). 
Analysis of ABA, PA, DPA and ABA-G E 
Leaf material was extracted as described above and an aliquot of 
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high spccilic activity r' i-I] -ABA (obtained from Amt:rsham Internn-
tiona!. Bu,·kinghamsh ire . U.K.). ['H)-PA and ['H) -DPA [prcpmed 
biosynthct icall y as (kcrihed hy Cowan and Railton (1987)1 was 
added (0 w rrcc! for rt:covery. Extracts were filtered and reduced to 
drynl!ss jll I '{/CUO at 30°C. The residue was resuspended in 0.5 M 
phosphate buffer (pH 7.5) and partitioned three timt:s against equal 
volumes of dicthyl ether. The aqueous fraction was then adjusted to 
pH 2.5 <lnd further partitioned three times against equal volumes of 
ethyl acetate. Acidic ethyl acetate fractions were purified by TLC on 
siiiC<l gel GF2.~4 in toluene:cthyl acetate:acetic acid (25: 15:2, v/v). 
Zones corresponding to authentic ABA, PA and DPA were eluted 
from the gel and methylated with excess ethereal diazomethane. 
Methyl ester derivatives were subsequently purified by TLC in 
n~ hexant.!;t.!thy[ acetate (1 : 1. v/v) and quantiJled by GC-EC. 
For analysis of conjugated ABA. aqueous fractions remaining 
after partitioning were treated with base at pH 11 .0, incubated at 
6Q°C for I h and then processed as described above. 
Quantification by GC-EC was performed on a Perkin-Elmer 83 10 
instrument (EC source f>lN i) using a wide-bore fused-silica co lumn 
W i m x 0.53 mm i.d.) of SPB- I (Sopelco. Bellefon!e. PAl pro-
grammed from 160°C at SoC per min with N2 as carrier (linear gas 
veloci ty of 28 mVmin) . 
Statistical analysis 
Two-way analysis of variance was carried out to lest the degree of 
significance at the 95% level between stressed and non~stressed 
plants treated with di clofop~methyl. The null hypothesis (HIl ) 
adopted was that results of all treatments were identical (Ho:TI =T2). 
with the alternative hypothesis HA: T1 '#- T2. Addition<llly, student 
t-tests were done on the corresponding data points from stressed and 
non~stressed treatments at each time interval. 
Results 
Gas exchange characteristics 
The light response curves fo r A. byzalltill(l and A. fall/a arc 
shown in Figure I. 
T he light compensation point for both species was between 50 
o 
o 
o 500 1000 lS00 
light IntenSi ty (PPFD) 
Figure 1 Light-response curves of A. byzantina (A) and A. !atllll 
(8). Assimilation rates were determined at constant temperature and 
350 p.p.m. CO2. Light intensity was decreased from 1500 to 0 PPFD 
using shade cloth. Data are the mean of three independent experi-
ments ± SE. 
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and 100 PPFD. Avella by~(/Ilfinn was only light -saturated at 
levels aboY\! 1500 PPFD (Figure I A). wh~ reils light saturatton 
was ach ieved in the ru nge 750- 1000 PPFD fo r A. Jawa (Figure 
I B). Neither species showed light inhihit ion of nel ass imi lation 
over the range of light intens ities measured. 
Carotenoid and ABA content 
The resolts presented in Table I show Ihe ABA. PA. DPA. ABA-
GE. ~-carotene and zeaxanthin content of leaves of A. bY::Ol/liflO 
and A. Jowa cultivated under conlrol conditions. Under these 
growing conditions. A. farlw contained significantly higher basal 
levels of p-carotene and zeaxanthin than A. bY:'Wlfill([, but lower 
levels of ABA and associated cataholi<.: products. These two spe-
cies therefore differed in their capacity 10 metabolize ABA. 
Effects of simultaneous diclofop-methyl and water stress 
treatment 
Following app lication of sublethal doses of c.li<.:lofop-mcthyl (Q 
leaves of A. byzalllilla. a rap id de<.:linc in net ass imi lation rate 
was observed (Figu re 2A). T his dec line in phorosynthetic rale 
was. however. less marked in he rh i cidl! ~ [reated plants exposed to 
a simultaneous water stress. A similar. although less dramatic 
effect was observed for A. fawa (Figu rc 2B), and thl! differencl! 
between stressed and non-stressed plants was also less accentu-
ated. Interestingly, the recovery time (i.e. time taken to return to 
basal photosynthetic rate) waS significantly shorter for plan ts of 
hoth species exposed simu ltaneous ly to herbicide and water 
stress. 
Inhibition and recovery of photosynthesis correlated closely 
with changes in ~-carotene in both species irrespective of treat-
ment (Figure 2C & D). P lanls exposed to bOlh herbicide and 
wate r stress accumulated f3 .f3 -carotcnoids foll owing recovery of 
photosynthesis. In A. bYZlIllIilla, both p~carotcne and zeaxanthin 
leve ls increased under water stress (Figure 2C & E). whereas in 
water-st ressed A. fatua. signi fi can t accumu lation of zeaxanthin 
was observed (Figore 2D & F). 
The leaf ABA content of contro l plants for bOlh A . bYZOII/;II(/ 
(Figure 3A) and A. falu(l (Figure 3B) rose dramatically in 
response to dicJofop~methyl treatment. Maximum levels were 
reached approximately 8 days after herbicide application. There-
after ABA content declined, presumably due to catabolism. until 
basal leve ls were reached. A simi lar trend was observed for 
leaves of plants exposed to a simultaneous water stress. How-
ever, following an initial increase. ABA content was reduced to 
be low pretreatmen t leve l. This response appeared more marked 
in A. fatua (Figu re 3B). 
Diclofop-methyl effects following water stress 
When sublethal doses of diclofop-methyl were applied to Icaves o f 
A. hyzalltilla and A. fatua plants already experiencing a water 
Table 1 The carotenoid and ABA content of leaves (in 
nmol/g tissue) of non-stressed A. byzantina and A. fatua' 
p-carotene Zeaxanthin ABA PA DPA ABA-GE 
A. bYWllfillQ 733.4 1 66.67 8.89 2.71 0.91 4.64 
±3 1.87 ±9. 11 ±O.S4 ±O.SI ;to.07 ±O. I I 
A·fafull 938.67 92.3 1 7.23 1.37 0.63 3.01 
±45 .0 1 ±12.03 ±O.63 ±O. 13 ±O.18 ±O.17 
Compounds of interest wcre analysed as described in 'Materi -
als and Methods'. Data represent the mean of three cu ltivations 
and extractions ± SE. 
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Figure 2 Changes in net assimilat ion rale and p~carotene and zea-
xanthin content of leaves from stressed (closed symbols) and non-
stressed (opcn symbols) A. byzQlllina (left panel) and A. fatua (right 
panel) following dic1ofop-mclhyl application. Arrows indicate the 
time at which diclofop-methy l was app lied to seedlings. Waler stress 
was imposed by withholding water from 28-day-oJd seedlings (t = 0) 
and leaves were analysed at the specified intervals. Data are repre-
sentative of two trial s each wi th th ree replicates per treatment. 
Analysis of variance of the data showed significant differences (P < 
0.05 in all cases) between the treatments and a student t~test con~ 
firmed these differences at t = 2 to t = 8 for both species (P < 0.05). 
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Figure 3 Changes in ABA levels and percentage RWC of leaves 
from stressed (closed symbols ) and non~stressed (open symbols) A. 
bYl..ontina (A) and A jatua (B) following treatment with diclofop-
methyl. Conditions were as described for Figure 2. 
stress. a decline in photosynthetic rate (Figure 4A & B) and p-
carotene content (Figure 4C & D) was observed. The zeaxanthin 
content of both species increased in response to herbicide treat-
ment under water stress conditions (Figure 4E & F) despite the ini~ 
tial transient herbicide- induced decline in levels of thi s carotenoid. 
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Figure 4 Effect of d iclofop~methyl on net ass imilation rate and p-
carotene and zeaxanthin content of leaves from stressed (closed 
symbols) and non~stressed (open symbols) A. byzomina (left panel) 
and A. jatua (right panel) . Arrows indicate the time at which 
diclofop-melhyl was applied to seedlings. Water st ress was imposed 
by withholding water from 28·day-old seedlings (r = 0) and leaves 
were analysed at the specified intervals. Data are representative of 
two tria ls each with three replicates per treatmen t. AnaJ ysis of vari· 
ance of the data showed no significant differences between the treat· 
ments in A. B, C and D (P > 0.05 in all cases). Significant 
differences in zeaxanthin (E & F) were observed between stressed 
and non-stressed leaves (P < 0.05). 
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Figure 5 Changes in ABA levels and percentage RWC of leaves 
from stressed (closed symbols) and non-stressed (open symbols) A. 
byzantina (A) and A. jatua (B), subsequently treated with diclofop· 
methy l. Conditions were as desc ribed for Figu re 4. 
As was expected, a water stress~induced rise in leaf ABA con~ 
tent occurred in both A. byzanlina and A. falUa (Figure 5A & B). 
However, the rate of ABA accumulation in leaves of A. jatua was 
slower. Herbicide treatment caused a slight inc rease in ABA con~ 
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tent of water-stressed (caves. Thereafter, ABA content of the 
leaves declined. A gradual loss of ABA was observed in leaves 
of A. bYZGmina, whereas in A. falua. ABA declined rapidly (Q 
below basal levels. By com paras ion, non-st ressed leaves accu-
mulated ABA throughout the course or the incubation period fol-
lowing herbicide treatment. 
Discussion 
The major symptomatic response following application of 
diclofop-mclhyI to leaves of susceptible species is inhibition of 
growth and onset of chlorosis. A reduction in photosynthetic 
COr fixation, which is apparent after foliar application of 
diclofop-mclhyl, is therefore a secondary effec t due to damage of 
the chloroplast membranes and associated reduction in chloro-
phyll content (Brezeanu el al. 1976). Similarly, alterations in car-
otenoid composi tion and ABA content also represent secondary 
events. Nevertheless, senescence of whole plants or leaves, 
which is a natural process, may also be considered the likely con-
sequence of severe abioticlbiotic pressure. the most obvious 
characteristic being yellowing of leaves during the later stages of 
degradation. By inference, therefore, the consequence of herbi-
cide application may be considered in terms of stress-induced 
senescence. 
Results from the present study show that the diclofop-methyl-
induced dedine in photosynthetic CO2 assimilation occurred 
concomitant with a decline in p-carotene and zeaxanthin content 
(Figures 2 & 4). Furthennore. the decline in carotenoid content 
coincided with a measurable increase in levels of ABA (Figures 
3 & 5). It has recently been demonstrated for senescing leaves of 
Hordeum vulgare that loss of carotenoids is stoichiomet rically 
related to an increase in ABA (Afitlhiie et al. 1993). It is there-
fore not unreasonable to assume a similar metabolic interrela-
tionship between carotenoid metabolism and ABA production in 
leaves of Avena species. 
Perhaps the most significant observat ion to emerge from the 
current investigation was that in response to diclofop-methyl. 
zeaxan thin content of leaves of both species increased. following 
an initial decline (Figures 2E & F and 4E & F). This effect was. 
however, more dramatic in leaves of water-stressed plants. Accu-
mulation of zeaxanth in following recovery of photosynthesis 
was associated with a reductio n in leaf ABA content (Figures 2E 
& F. 3A & B. 4E & F and 5A & B). This phenomeno n was less 
marked in leaves of A. byzanrina and probably reflects the 
greater capacity of this species to metabolize ABA (Table 1). 
Although no measure of the turnover rate of ABA catabolism 
was made in the present study, little or no change in the level of 
ABA catabolites was detected in leaves of either A. byzallfina or 
A. falua fo llowing diclofop-methyl application (data not shown). 
ABA defi ciency was not a consequence of diclofop-methyl in 
water-stressed A. byzanrina, since basal levels were apparently 
re-established following the initial rise in leaf ABA content (Fig-
ure 3A). By comparison, leaf ABA content of A. fatun dec lined 
to below basal levels following application of the herbicide to 
water-stressed plants (Figures 3B & 5B). Such a reduction in leaf 
ABA contcnt would be expected to impact on stomatal function 
and hence assimi lation of CO2, 
There exists a close linear correlation between stomatal con-
ductance and leaf ABA conte nt (Steuer el al. 1988). Further-
more, reduced levels of ABA have been shown to great ly 
enhance both transpiration and photosynthetic CO2 assimilation 
in leaves of Vilis (Loveys 1991). The present study revealed only 
slight differences in the gas exchange characteristics between the 
two species of wild oat examined. Although both had low light 
compensation points, typica l of weeds. light saturation was 
observed at lower irradiance in A. fallta, which also displayed a 
33 
lower maximum rate of photosynthesis. It was, therefore. unex-
pected that leaves of A. falUll should conta in less ABA than A. 
byzamina when cultivated under control conditions (Table 1). 
Even so, the reduction in leaf ABA content of both species 
occurred concomitant with diclofop-methyl-induced accumula-
tion of zeaxanthin and sustained or enhanced assimilation rates 
(Figure 2A & B). That net CO2 assimilation rates were similar 
fo llowing the initial herbicide-i nduced dec line for both st ressed 
and non-st ressed plants, was surprising. One possible explana-
tion is that the diclofop-mcthyl- andlo r water stress-induced 
increase in ~,~-carotenoid synthesis may have contributed to 
increased photochemical efficiency by elevating the zeaxanthin 
content of the xanthophyll cycle in leaves of these plants. The 
above observations illustrate the complexity of secondary 
responses in leaves exposed to combined water stress and 
diclofop-mcthyl treatment and suggest that alterations in iso-
prenoid metabolism could contribute to increased fitness and 
hence reduced herbicide susceptibility in wild oat. 
Seasonal use of ADPP graminicidcs does apparent ly cause 
wi ld-oat populations to evolve herbicide resistance (Heap et al. 
1993). Although extensive studies have been carried out relating 
to the mechanism of tolerance/resistance to diclofop-methyl in A. 
fallla and several biotypes of this species (for review see Holt ef 
lli. 1993), it is perhaps more important to question the origin of 
the deve lopment of resistance to AOPP graminicides in wi ld oat. 
particularly as these species lack the insensitive procaryotic fo rm 
of ACCase (Konishi & Sasaki 1994). 
When soil starts to dry. one of the first responses shown by 
plants is a reduction in shoot growth. It is now apparent that an 
increase in ABA content leads to inhibition of shoot growth 
through its innuence on stomatal conductance and leaf nct CO 2 
assimilation rates (Zeevaart & Creelman 1988). Where shoot 
growth is limited. demand for membrane acyl lipid synthesis 
through activity of ACCase is likewise reduced. Efficacy of 
ACCase-inhibiting graminicides likt.! diclofop-methy l would 
therefore also be innuenced. A herbicide/st ress-induced reduc-
tion in ACCase activity might be expected to facilitate increased 
flux of carbon into isoprenoids. For example. zeaxanthin content 
is known to increase in leaves of water-st ressed plants (Demmig-
Adams & Adams 1992). Dehydration st ress is also responsible 
for altering the complement of sterols and stcrylglucosides in the 
plant plasma membrane. Since both sterols and carotenoids par-
ticipate in regulating the thermodynamic and mechanical proper-
ties of membranes (Rohmer el al. 1979; Subczynski el al. 1993). 
an increase in capacity for terpenoid synthesis could form part of 
the mechanism responsible for the antagonistic effects of water 
st ress on diclofop-methyl activity. There are good indications 
that ABA participates in the regulation of isoprenoid biosynthe-
sis by feed-back inhibition of 3-hydroxy-3-mcthylglutary l coen-
zyme A reductase activity (Moore & Oishi 1994). the primary 
enzyme involved in the synthesis of terpenoids. A reduction in 
leaf ABA content due to stress- induced zeaxanthin accumulation 
would therefore be expected to contribute to increased synthesis 
of growth-promoting terpenoids such as gibberellins and brass i-
nostero ids. Brassinosteroids, like gibbere llins. stimulate inter-
node elongation and show cytokinin-like activity (Mandava 
1988). This suggests that changes in levels of these compounds 
may override the effect of AOPP herbicides, particularly in the 
presence of reduced ABA which is inhibitory to the mode of 
action of this class of compound. 
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